Floral scent, often a complex mixture of several volatile organic compounds (VOCs), has generally been interpreted as an adaptation to attract pollinators. However, not many studies have analysed which VOCs are functionally relevant for the reproductive success of a plant. Here, we show that, in Salix caprea (Salicaceae), temporal changes in floral scent emission during the day and night attract two different types of flower visitor: bees during the day and moths during the evening and night. We analysed the contribution of the two flower visitor groups to the reproductive success of the plant. The differences in scent emitted during the peak activity times of flower visitors (day versus night) were quantified and the response of 13 diurnal/nocturnal pollinator taxa to the floral scents was tested using gas chromatographic and electroantennographic techniques. Many of the c. 40 identified scent compounds were physiologically active, and bees and moths responded to nearly identical sets of compounds, although the response strengths differed. In bioassays, bees preferred the most abundant 1,4-dimethoxybenzene over lilac aldehyde, a compound with increased emission at night, whereas moths preferred lilac aldehyde over 1,4-dimethoxybenzene. Pollination by wind plus nocturnal pollinators (mainly moths) or by wind alone contributed less to seed set than pollination by wind plus diurnal pollinators (mainly bees). This suggests that the emission of scent during the night and attracting moths have no significant effect on reproductive success. It is possible that the emission of lilac aldehydes and other compounds at night is s result of phylogenetic constraints. Future studies should investigate whether moths may produce a marginal fitness gain in some years and/or some populations.
INTRODUCTION
Olfactory cues in terms of floral scent intensity and chemical composition have been shown to correspond to different pollinator assemblages (Dobson, 2006) . Moreover, many flowers show a rhythmic scent emission which is controlled by a circadian clock and/or regulated by light (Jakobsen & Olsen, 1994; Helsper et al., 1998; Pott, Effmert & Piechulla, 2003) . In some species, the dynamic nature of scent is not only reflected in quantitative changes in the emission of volatiles, but also in qualitative changes in the odour composition during the day (Baldwin et al., 1997; Hoballah et al., 2005; Dötterl et al., 2012) . Rhythmic floral scent emission is often correlated with the activity times of flower visitors, and most studies on rhythmic scent emission patterns have been carried out in species with highly specialized pollinator-plant interactions, where the plant is associated with a single or dominant functional pollinator group (e.g. Dötterl, Wolfe & Jürgens, 2005a) . In generalized or mixed pollination systems (plants that are pollinated by different functional pollinator types), where the activity times and olfactory preferences of pollinators differ, temporal dynamics in volatile emission might, in principle, allow for temporal partitioning of pollinators, and thus lead to multiple adaptations to multiple pollinators expressed within the same flower (Dötterl et al., 2012) . However, the adaptive value of a given scent compound depends on the context, e.g. the composition of the pollinator fauna, because flower visitors may differ in their innate and learned preferences to find and/or recognize their preferred floral hosts. Furthermore, non-adaptive scent compounds may attract relatively inefficient flower visitors or even herbivores (Kessler et al., 2013) . However, temporal partitioning of floral scent emission might be a mechanism that may lead to a pollinator shift, particularly if different functional pollinator types are unevenly distributed within the geographical range of the plant species (Shuttleworth & Johnson, 2010) .
The genus Salix L. (willows, Salicaceae) has typically generalized pollination systems. Its species show traits associated with pollination by different insects and by wind (Faegri & van der Pijl, 1979; Vroege & Stelleman, 1990) . On the one hand, the lack of a perianth, the large amounts of small pollen grains and precocious flowering during the season match the wind pollination syndrome. On the other, erect, stiff inflorescences, highly visible sexual parts, nectar production and floral scent are interpreted as signs for entomophily (Faegri & van der Pijl, 1979; Kay, 1985; Proctor, Yeo & Lack, 1996; Füssel et al., 2007) . Hence, many Salix spp. are visited by pollen-or nectarseeking bees, flies (van der Werf, Cappellato & Meeuse, 1982; Pellmyr & Kärkkäinen, 1987) , butterflies and beetles (Vroege & Stelleman, 1990; Urban & Kopelke, 2004) , and nectar-drinking moth species (Steiner & Ebert, 1998) . Reported ratios of insect to wind pollination range from 20% to 70% wind pollination in Salix repens, 50% insect pollination in S. caprea, to almost total insect pollination in S. arctica (Kevan, 1972; Vroege & Stelleman, 1990) . The importance of both insects (Kevan, 1972; Elmqvist, Ågren & Tunlid, 1988; Sacchi & Price, 1988; Douglas, 1997) and wind (Argus, 1974; Vroege & Stelleman, 1990; Fox, 1992) as pollen vectors seems to depend on the ecological context.
In the present study, we aimed to investigate the role of floral scents as olfactory signals in S. caprea L. (goat willow, sallow) and to relate temporal changes in scent emission to the attraction and relative importance of different pollinator types. Data on the chemical composition of floral scent are available for several Salix spp., including S. caprea (Tollsten & Knudsen, 1992; Dötterl et al., 2005b; Füssel et al., 2007) , but temporal variability of floral scent emission has not yet been investigated. To relate scent emission patterns to different flower visitor types, we: (1) monitored flower visitors during the day and at night; (2) studied the contribution of wind and different flower visitor types to reproductive success; (3) examined temporal changes in floral scent emission; (4) tested the responsiveness of different visitor types to the different floral scent compounds using gas chromatography coupled to electroantennographic detection (GC-EAD); and (5) determined the attractiveness of selected compounds to typical visitors.
MATERIAL AND METHODS

PLANT MATERIAL AND STUDY SITE
Salix caprea (Salicaceae) is a deciduous shrub or small tree, reaching a height of 6-12 m. The dioecious plants have flowers that are arranged in racemose catkin inflorescences. Although a coloured perianth as a visual attractant is lacking in Salix, male catkins are yellowish, as a result of the pollen they produce, whereas female inflorescences are greenish. Plants offer pollen and nectar as floral rewards to attract pollinators. All S. caprea plants used in this study were located in the Ecological-Botanical Garden (EBG) in Bayreuth, Germany. The EBG has an area of 16 000 m 2 where plants are mostly grown in environments closely resembling their natural habitats. Salix trees are distributed in the EBG in a manner that is also found in natural populations.
FLOWER VISITORS
The flower visitor spectra on three male and four female S. caprea trees in full bloom were recorded on different days in 2006. Each Salix individual was observed on one day every 2 h for 10 min. The total observation time per individual was 60 min (6 × 10 min) during the day and 60 min (6 × 10 min) during the night, summing up to 2 h for one day per individual and 14 h in total for all seven individuals on 7 days. All observed flower visitors were caught with an insect net and identifiable species (e.g. honeybees) were immediately recorded (species, number of individuals) and released alive. Other species were stored at −20°C for further preparation and identification. As the observation of flower visitors is difficult at night, nocturnal Lepidoptera were additionally caught with automatic light traps (model Weber, Bioform; 12 V, 15 W). Before darkness, the light traps were attached directly in the centre of each of the S. caprea trees used for visitor observations. Light trapping was conducted for 1-4 days, depending on the flowering duration and weather conditions. As these traps might attract insects which do not visit willows, we only recorded species that carried willow DIEL FRAGRANCE PATTERN IN SALIX CAPREA 625 pollen from previous flower visits. In addition to the observations for identification as described above, the variation in flower visitor abundance during the day and at night was examined during 2006 by applying the 'scan sampling method' (as in Sowig, 1991) to the same three male and four female trees. To allow easy identification and counting without disturbing foraging visitors, the typically visiting insects were classified into seven easily distinguishable groups: 1, honeybees; 2, bumblebees; 3, medium-sized bees (wild bees approximately the size of a honeybee); 4, small bees (wild bees smaller than a honeybee); 5, butterflies; 6, moths; 7, others, such as flies, beetles. Flower visitor types of one randomly selected branch (length c. 30 cm) of a chosen individual were observed for 1 day at intervals of 2 h parallel with floral scent collection from the same tree (see below). The numbers of individuals of each flower visitor type were counted for 30 s and the counts were recorded in the following 30 s. This pattern was repeated 30 times during each 2-h observation interval (summing up to an observation time of 15 min in each 2-h period). This procedure was repeated 13 times (once for each 2-h interval) over a 24-h period for each tree, summing up to nearly 23 h of observations covering seven individuals and 7 days. Based on the results from all individuals, the mean number of flower visitors per 15-min observation unit was calculated for each time period. The results of females and males were pooled, as flower visitors and the diel visitor patterns were similar in both sexes (S. Kern, University of Bayreuth, pers. comm.).
POLLINATION EXPERIMENTS
In 2006, five female S. caprea trees of similar size and age (including those used for flower visitor observations) were chosen for pollination experiments. Before stigmas became receptive, four twigs on each tree (each comprising at least five and up to 25 female catkins) were selected for the following four pollination treatments: (1) day and night pollination (= control): open, no exclusion of insects; (2) day pollination: exclusion of insects during the night (20:00-06:00 h), but allowing wind pollination; (3) night pollination: exclusion of insects during the day (06:00-20:00 h), but allowing wind pollination; (4) wind pollination: exclusion of all insects during the day and at night; pollination only by wind. To exclude insects, twigs were enclosed with a nylon net (unifilar fabric of Gossamer), which allows for wind pollination to occur (Proches & Johnson, 2009) .
To guarantee natural fruit and seed development, all nylon nets were removed after the inflorescences had ceased flowering. Shortly before seed maturity, one fruiting catkin of each branch (one for each treatment on each plant = four per plant) was enclosed in dialysis tubing (cellulose, Visking, Type 1-7/8 diameter, 79 mm). When fruit capsules opened inside the dialysis tubing, the catkins were harvested. The number of seeds and capsules per catkin were counted and the number of seeds per capsule was calculated.
An analysis of variance (ANOVA) (StatSoft Inc., 2008) was calculated to test for differences among treatments, with plant identity included as random factor. Normality and homogeneity of variances were tested using the Kolmogoroff-Smirnov test and Levene test, respectively. The least significant difference (LSD) test was applied as a post-hoc test.
COLLECTION AND IDENTIFICATION OF FLORAL
VOLATILES
To analyse the temporal variation of floral volatiles over the course of a day, floral scent was collected from seven plants in full bloom (three males, four females) during a 24-h period in 2006. Scent sampling was carried out parallel to flower visitor abundance counts on the same trees (see above). Thirteen floral scent samples were collected from each plant during a 24-h period (08:00-08:00 h). During the sampling period, sunrise was at approximately 06:30 h and sunset at approximately 20:00 h. The samples were taken every 2 h starting at 08:00 h. On each plant, one twig with 4-10 flowering catkins was enclosed for 10 min in an oven bag (Nalophan), and the floral scent was subsequently trapped for 2.5 min in an adsorbent microtube (filled with 3 mg of a 1 : 1 mixture of ; Supelco) using a membrane pump (G12/01 EB, Rietschle Thomas, Puchheim, Germany; air flow rate, 0.2 litre min −1 ). After sampling, the microtubes were stored at −20°C for further analyses. Catkins were collected after the last scent sampling to determine their dry weight.
During the sampling of volatiles, the air temperature was measured by the meteorological station of EBG, Bayreuth, Germany. As the air temperature varied greatly between the different sampling days of the seven individual plants, we standardized measurements of air temperature by expressing values as percentages of the maximum air temperature of the respective sampling day.
GAS CHROMATOGRAPHY-MASS SPECTROMETRY (GC-MS) METHODS
For the analyses, a ZB-5 column (5% phenyl polysiloxane; length, 60 m; inner diameter, 0.25 μm; film thickness, 0.25 μm; Phenomenex) and a Varian GC-MS were used. The microtubes were inserted via the ChromatoProbe device into the GC injector (Dötterl et al., 2005a) . The injector vent was opened and the injector was heated at 40°C to flush any air from the system. After 2 min, the split vent was closed and the injector was heated at 200°C min −1 , and then held at 200°C for 4.2 min, after which the split vent was opened and the injector was cooled down. Electronic flow control was used to maintain a constant helium carrier gas flow (flow rate, 1.8 ml min −1 ). The GC oven temperature was held for 7 min at 40°C, and then increased by 6°C min −1 to 260°C and held for 1 min at this temperature. The mass spectra were taken at 70 eV with a scanning speed of 1 scan s −1 from m/z 30 to 350. The GC-MS data were analysed using the Saturn Software package 5.2.1. To identify the floral scent compounds of the GC-MS spectra, the data bases NIST 05 and MassFinder 3 were used, and identifications were confirmed by comparison of retention indices with published data (El-Sayed, 2009 : http:// www.pherobase.net). The identification of some compounds was also confirmed by comparison of mass spectra and retention indices with those of authentic standards (for details, see Füssel et al., 2007) . To determine the absolute amount of scent trapped on the microtubes, known amounts of monoterpenes, aliphatics and aromatics were injected into the GC-MS system; the mean peak areas of these compounds were used to determine the total amount of scent (Dötterl et al., 2005a) .
Results from female and male plants were pooled for analyses, as we did not find significant differences in diel scent patterns between the sexes (data not shown). This might be the result of the relatively small sample size in our study. However, similar scent patterns for male and female inflorescences have also been reported by other authors (Tollsten & Knudsen, 1992; Füssel et al., 2007) .
DIEL PATTERN OF TOTAL ABSOLUTE SCENT EMISSION
To determine differences between absolute scent emissions per unit dry weight of catkins at day and night, the summarized absolute amount of all six day samples (08:00 h of the first day to 18:00 h) was compared with the summarized absolute amount of all six night samples (20:00 h of the first night to 06:00 h; the 13th sample, collected again at 08:00 h, was not used) using a paired t-test. The normality of paired differences was tested with a KolmogoroffSmirnov test.
DIEL PATTERN OF RELATIVE SCENT EMISSION
It has been shown that temperature can affect both the production of scent compounds (the endogenous concentration in the plant tissue) and the vaporization process (see Sagae et al., 2008) . As the total absolute amount of volatiles emitted at a specific time varied greatly among samples from different twigs (one twig per tree), the data were standardized. Hereto, the maximum amount of total floral scent emitted by a particular twig over the 13 sampling times was equated with 100%, and the amount of volatiles emitted at any given time from this twig was given as a percentage of this maximum amount. These standardized percentages from seven individuals were then averaged for each of the 13 sampling times.
Analysis of similarities (ANOSIM, two-way crossed design with no replication; factors: 'time' and 'plant individual') in the program package Primer 6.1.6 (see also Clarke & Warwick, 2001; Clarke & Gorley, 2006) was used to test the null hypothesis that there are no differences in scent pattern among different times across all individuals. A two-way layout was necessary to account for the repeated-measures design of this experiment (single individuals were sampled repeatedly). As total absolute scent emission varied greatly among individuals and across times, either the relative amount of single compounds (percentage, for semiquantitative differences) or the presence/ absence of compounds (for qualitative differences) was used. As the scent of S. caprea is strongly dominated by one compound, 1,4-dimethoxybenzene (Füssel et al., 2007) , fourth root-transformed data were used for the analysis of percentage data to minimize the effect of this main compound. The transformed percentage data and the qualitative data were used to generate similarity matrices by calculating the Bray-Curtis and Sørensen indices, respectively, which were used in the ANOSIMs. SIMPER ('similarity percentages') was used (two-way crossed design; factors: 'time' and 'plant individual') to determine the compounds responsible for the differences in scent emitted in the day (14:00 h, when the activity of day-active visitors was highest) and night (20:00 h, when the activity of night-active visitors was highest). For these analyses, the fourth root-transformed percentage amounts of compounds were used.
GAS CHROMATOGRAPHY COUPLED TO ELECTROANTENNOGRAPHIC DETECTION (GC-EAD)
For the electrophysiological analyses (described below), two scent samples were collected in 2005 using the dynamic headspace (Dötterl et al., 2005b) . One of these samples was collected in situ; because of bad weather conditions, the other sample could only be collected from twigs cut from another plant that had been placed in water. At the time, only male flowers were available. For each of the two samples DIEL FRAGRANCE PATTERN IN SALIX CAPREA 627 from each male plant, twigs with 10-12 catkins were enclosed in a polyethylene oven bag (Nalophan) and volatiles were trapped for c. 8 h between 09:00 and 17:00 h in large adsorbent tubes filled with 30 mg of a 1 : 1 mixture of Tenax-TA 60-80 and Carbotrap B 20-40 (Supelco) using a membrane pump (G12/01 EB, Rietschle Thomas; air flow rate, 0.2 litre min −1 ). Volatile collection took place during the daytime only because scent emission is strongest during the day and differences from night samples are mainly quantitative (absolute and relative amounts of compounds) and not qualitative (presence/absence of compounds). Volatiles were eluted with 70 μl of acetone (SupraSolv, Merck KgaA, Germany) for later use in the GC-EADs.
Electrophysiological analyses were then conducted using these two floral scent samples to determine which compounds elicit responses in the antennae of abundant flower visitors. Bees were caught at their nesting places or from S. caprea, and moths were mainly caught in the light traps described above. In total, six bee and seven moth species were tested with either the scent sample from in situ or cut inflorescences. Except for three bee species, we could only test one specimen of each species (see Table 1 ) as a result of logistical constraints.
All measurements were performed with the GC-EAD system described by Dötterl et al. (2005b) . The GC-EAD system consisted of a gas chromatograph (Vega 6000 Series 2, Carlo Erba, Rodano, Italy) equipped with a flame ionization detector (FID) and an EAD set-up (heated transfer line, two-channel USB acquisition controller) provided by Syntech (Hilversum, the Netherlands). An aliquot (1 μl) of an odour sample was injected with the split vent closed at 60°C, followed by opening the split vent after 1 min and heating the oven at a rate of 10°C min −1 to 200°C. The end temperature was held for 5 min. A ZB-5 column was used for the analyses (length, 30 m; inner diameter, 0.32 mm; film thickness, 0.25 μm; Phenomenex). The column was split at the end by the four-arm flow splitter GRAPHPACK 3D/2 (Gerstel, Mülheim, Germany) into two pieces of deactivated capillary (length, 50 cm; inner diameter, 0.32 mm) leading to the FID and EAD set-up. Makeup gas (He, 16 ml min -1 ) was introduced through the fourth arm of the splitter. For the measurements, an excised antenna was mounted between glass micropipette electrodes filled with insect ringer (8.0 g l −1 NaCl, 0.4 g l −1 KCl, 4 g l −1 CaCl2), and connected to silver wires.
To identify the compounds eliciting signals in the insect antennae, 1 μl of the acetone sample was placed in a quartz vial in the injector port of the GC by means of the ChromatoProbe, and analysed by GC-MS as described above for the samples collected to study the circadian rhythm of scent emission.
Bray-Curtis similarities were calculated to determine differences in the antennal response patterns of the different insects measured. For these analyses, the sum of the amplitudes of all responses in one GC-EAD run was equated with 100%, and the response amplitude to each single component was expressed as a percentage of the total response. Non-metric multidimensional scaling served to visualize similarities in antennal response patterns of different flower visitors (Clarke & Gorley, 2006) . Using SIMPER (one-way layout; factor: 'insect group'), we identified the compounds most responsible for the differences in the response patterns of bees and noctuids. Dötterl et al., 2006a) . We also included 1,4-dimethoxybenzene (99%; Sigma-Aldrich), as this compound elicited strong responses in most of the insects used for GC-EAD. For the electroantennographic analysis, the same electrophysiological set-up as described above for GC-EAD was used. Twenty microlitres of a test compound (10 −3 in paraffin; Uvasolv, Merck) were placed on a piece of filter paper (2.5 × 1.5 cm 2 ) in a 5-ml plastic syringe (Omnifix, B/Braun, Melsungen, Germany). Separate syringes were used for each stimulus. Stimuli were released into a continuous flow of humidified and charcoal-cleaned air passing over the antenna with a pulse duration of 0.5 s and a flow of 10 ml s −1 regulated by a Syntech CS-01 Stimulus Controller (see also Jhumur, Dötterl & Jürgens, 2008) . Each antenna was first tested on 4-oxoisophorone, then on lilac aldehyde and phenylacetonitrile and lastly on 1,4-dimethoxybenzene. Antennal responses were analysed using a repeated-measures ANOVA (StatSoft Inc., 2008) with the responses of the single antennae to the different compounds as repeated measures and 'taxa' (bee versus moth) as categorical factor. Tukey's honestly significant difference (HSD) test was used as post-hoc test. As the absolute responses varied among antennae within bees and moths, as well as between bees and moths (S. Dötterl, unpubl. data) , the antennal Table 1 . Floral scent compounds of Salix caprea and their electrophysiological activity in gas chromatographic and electroantennographic detection (GC-EAD) in female (Ǩ) and male (ǩ) bees and moths. The contribution of single compounds to the total scent bouquet in cut and in situ inflorescences is classified as follows:
-, not present; *, < 1%; **, 1-5%; ***, 5-10%; ****, > 10%; x, electrophysiologically active compounds in particular insect specimens and in general. responses were standardized for analyses. The maximum antennal response per antenna was equated with 100%, and the responses to the other compounds are given as a percentage of this maximum response.
BEHAVIOURAL EXPERIMENTS WITH FLORAL SCENT COMPOUNDS
The attractiveness of the two most variable floral scent compounds of S. caprea (when comparing day and night, i.e. samples from 14:00 and 20:00 h) was tested in two-choice bioassays. Standards of 1,4-dimethoxybenzene and lilac aldehyde (mixture of isomers, see above) were tested for their attractiveness to A. mellifera in a flight cage and to Orthosia gothica in a wind tunnel in spring 2007. For each test, one rubber GC septum impregnated with 10 μl of 1,4-dimethoxybenzene (10 −1 dilution in paraffin) and one rubber GC septum impregnated with 10 μl of lilac aldehyde (10 −1 dilution in paraffin) were presented. The scent sources were not linked to a reward and were offered in concentrations naturally perceived by insects foraging on sallow.
Before flowering of S. caprea, one bee hive containing nine honeycombs of Salix-naïve honeybees was placed in a flight cage (7.20 m × 3.60 m × 2.20 m, see Dötterl & Schäffler, 2007) . Two prepared GC septa were presented 1 m apart around noon for 40 min, when the activity of bees was high. Every 10 min, the position of the rubber GC septa was changed. The reaction of bees was classified as 'zigzagging' when the honeybees flew upwind towards one of the septa within 10 cm.
Bioassays with O. gothica were conducted in a 160 cm × 75 cm × 75 cm wind tunnel (Dötterl et al., 2006a) . A Fischbach speed controller fan (D340/E1, FDR32, Neunkirchen, Germany) continuously circulated air through the tunnel with an airspeed of 0.35 m s −1 . The incoming air was passed through four charcoal filters (145 mm × 457 mm), with a carbon thickness of 16 mm (Camfil Farr, Laval, QC, Canada). The temperature and humidity were adjusted to 22-24°C and 30-32%, respectively. Experiments were performed during the beginning of the dark period, under dim red light. The two differently scented rubber GC septa (separated by 25 cm; the distance between the septa had to be adjusted to the dimensions of the wind tunnel) were offered at the upwind end of the tunnel behind polyester gauze and metal grids, invisible to the moths. Single moths (caught with a light trap as used for flower visitor screening) were released from a holding chamber at the downwind end of the tunnel, and their behaviour was observed for 5 min. We tested 22 male and 24 female moths, but only ten males and eight females actually flew in the flight cage and were attracted by the scent sources. A positive attraction (response) was recorded when the moth was observed to zigzag within a 10-cm radius or to land on the gauze in front of the odour source. To compare the attractiveness of 1,4-dimethoxybenzene and lilac aldehyde to bees and moths, observed versus expected χ 2 tests were conducted (StatSoft Inc., 2008) .
RESULTS
DIURNAL AND NOCTURNAL FLOWER VISITORS
During the day, the willows were visited mainly by bees, including A. mellifera, Bombus terrestris, Andrena praecox and Andrena clarkella, and butterflies (Aglais urticae). After sunset, mainly Noctuidae, e.g. Orthosia cerasi, O. gothica and O. gracilis, were found. An overview of the species composition and abundance of the most frequent flower visitors is listed in Supporting Information (Table S1 ). Many bees and the few moths directly observed on the catkins touched the anthers and stigmas whilst drinking nectar (bees and moths) or collecting pollen (bees only), thus suggesting that they function as pollinators. Altogether, 45 species (Hymenoptera and Lepidoptera) of potential pollinators were found. In addition, specimens of Coleoptera, Diptera, Megaloptera, Planipennia and Rhynchota were observed visiting the flowers during the day. Pollen could be found on the bodies of some of these specimens but, as these taxa were only found in small numbers, they were not studied in more detail. Further data analyses focused on Lepidoptera and Hymenoptera, because they were most frequently observed and usually carried pollen.
The abundance of different diurnal and nocturnal flower visitor groups during the course of the day is shown in Figure 1 . The first active bumblebees were recorded at dawn (06:00-08:00 h). Visitor activity was highest during the day between 10:00 and 16:00 h (28-51 flower visitors per 15 min) when honeybees, medium-and small-sized bees, butterflies and other insects were most frequently observed. With the beginning of twilight (20:00 h), the total number of flower visitors declined significantly and moths were the most common flower visitors (six per 15 min), but few other insects were found (three per 15 min). of day and open pollination to the reproductive success was significantly higher than the contribution of night pollination (nocturnal insects plus day and night wind) or wind pollination alone (day and night combined) (each approximately 20% of the maximum seed set). Differences in the contribution of nocturnal insects and wind pollination were not detected, indicating that day and night wind pollination achieves the same seed yield as wind pollination plus moth pollination, meaning that the contribution of moths to pollination is not significant, although they were found to carry pollen.
TEMPORAL VARIATION IN FLORAL SCENT EMISSION
The scent bouquet of most samples was dominated by 1,4-dimethoxybenzene (up to 80%), and only a few samples contained additional compounds, such as (E,E)-α-farnesene, (E)-β-ocimene (Table 1 ) and methyl salicylate, in similar abundance to this aromatic compound. A time-dependent variation in total scent emission is evident (Fig. 1) . Significantly more scent was emitted during the day than at night (t-test: t df = 6 = 2.93; P = 0.03). Further, there was also a temporal change in the qualitative scent composition (presence/absence data, 'time' effect: two-way ANOSIM: Rho = 0.21, P < 0.001). This was even more pronounced when considering the semiquantitative data (relative proportions: fourth root-transformed data, 'time' effect: two-way ANOSIM: Rho = 0.30, P < 0.001). Some compounds emitted only in trace amounts during the day (e.g. salicylaldehyde) could not be detected at night, when scent emission was generally much lower. Other compounds were found in different relative amounts in day samples.
To analyse the relevance of these temporal patterns for pollinator attraction, we conducted a second data analysis. This analysis included only scent compounds that were active in EADs (see below) of specimens from the main diurnal and nocturnal flower visitor groups (bees, noctuid moths). Including only EAD-active substances, qualitative ('time' effect: twoway ANOSIM: Rho = 0.15, P = 0.004) and semiquantitative (fourth root-transformed data, 'time' effect: two-way ANOSIM: Rho = 0.21, P < 0.001) changes in the scent pattern are still significant. The isomers of lilac aldehyde explained together almost 40% of the differences (two-way SIMPER analysis) between scent emitted at 14:00 h (highest abundance of dayactive visitors) and scent emitted at 20:00 h (highest abundance of night-active visitors). At 20:00 h, lilac aldehyde was emitted in significantly higher relative amounts than at 14:00 h (8.6% vs. 2.1%; paired t-test: tdf = 6 = −3.9, P = 0.01). Similarly, when summarizing the total amount of all day and night samples, respectively, the amount of emitted lilac aldehyde was significantly higher at night than during the day [4.42 vs. 1.31 ng (20 min) −1 per dry weight of all catkins; dependent t-test: tdf = 6 = 3.02, P = 0.002). In contrast, the total amount of emitted 1,4-dimethoxybenzene was much higher in all day samples than in all night samples (61.83 vs. 15.24 ng (20 min) −1 per dry weight of all catkins; paired t-test: tdf = 6 = 3.01, P = 0.003).
ELECTROPHYSIOLOGICALLY ACTIVE SCENT
COMPOUNDS
Most of the scent compounds identified elicited signals in the antennae of 19 individuals from 13 bee and moth species submitted to GC-EAD tests (Table 1 ; Fig. S1 , Supporting Information). All tested antennae responded to methyl salicylate and indole. Moreover, all insects, except the two tested geometrids, responded most strongly to 1,4-dimethoxybenzene. Further, all insects, except for a colletid bee, responded to (E,E)-α-farnesene.
Floral scent blends collected in situ and from cut twigs differed in their composition, resulting in different antennal response patterns (Table 1) . Some compounds [e.g. (E)-4,8-dimethyl-1,3 ,7-nonatriene, (E)-β-ocimene and (E)-β-ocimene oxide] were found in higher amounts or exclusively in the sample of cut twigs, and only elicited antennal responses in this sample, whereas other compounds (e.g. benzyl alcohol, salicylaldehyde, 1,2,4-trimethoxybenzene) were found in higher amounts or exclusively in the sample collected in situ, and only elicited antennal responses in this sample.
Generally, the two most frequent flower visitor groups, diurnal bees and nocturnal moths, responded differently to the different scent compounds. This can be seen in Figures 3 and S1 . Figure 3 compares the antennal response patterns (relative response amplitude to individual compounds) of all individuals of four bee/four moth species and three bee/three moth species tested on the same in situ and ex situ collected scent sample, whereas Figure S1 shows examples of single GC-EAD recordings. All bee antennae responded most strongly to the dominant 1,4-dimethoxybenzene, whereas the response to all other compounds was comparatively weak. The noctuid moths, among them O. cerasi (Fig. S1 ), also responded to 1,4-dimethoxybenzene, but also showed a strong response to other compounds. Moths responded to either some or all of the compounds which were not separated and tested individually in the GC-EAD: phenylacetonitrile, lilac aldehyde A, 4-oxoisophorone. In contrast with the noctuids and bees, neither geometrid species responded clearly to 1,4-dimethoxybenzene. However, similar to noctuids, the peak formed by the co-eluting compounds (phenylacetonitrile, lilac aldehyde A, 4-oxoisophorone) elicited a clear response in the geometrid species. However, the geometrids responded most strongly to methyl salicylate. Hence, in Figure 3 , the noctuids are placed in between the geometrids and the bees. A SIMPER analysis revealed that three responses explained one-third of the differences observed between bees and noctuids. The percentage response to 1,4-dimethoxybenzene was most different between the two groups, and the mean relative response of bees (31%) was almost twice that of noctuids (18%). However, the relative response to the co-eluting compounds (phenylacetonitrile, lilac aldehyde A, 4-oxoisophorone) and to methyl salicylate was almost twice as high in noctuids (10% and 12%, respectively) than in bees (6% each). The overall (standardized) antennal responses of moths and bees to the individually presented standard compounds phenylacetonitrile, 4-oxoisophorone, lilac aldehyde and 1,4-dimethoxybenzene were similar ('taxa' effect: repeated-measures ANOVA: F1,27 = 0.52, P = 0.49); however, the responses differed among compounds ('repeated-measures' effect: repeated-measures ANOVA: F3,27 = 11.57, P < 0.001), and moths and bees responded differently to the different compounds ('taxa × repeated-measures' effect: repeated-measures ANOVA: F3,27 = 24.20, P < 0.001). Phenylacetonitrile and 4-oxoisophorone elicited similar strong responses in the antennae of bees and moths, whereas lilac aldehyde elicited stronger responses in moths, and 1,4-dimethoxybenzene elicited stronger responses in bees (Fig. 4) .
BEHAVIOURAL RESPONSES OF BEES AND MOTHS TO SCENT COMPOUNDS
The bioassays showed that 1,4-dimethoxybenzene and lilac aldehyde triggered behavioural responses in A. mellifera and O. gothica (Fig. 5) . of Apis mellifera and Orthosia gothica to four floral scent compounds of Salix caprea: phenylacetonitrile, lilac aldehyde, 4-oxoisophorone and 1,4-dimethoxybenzene. Different letters above the whiskers denote significant differences (P < 0.05) in antennal responses between measurements using Tukey's honestly significant difference (HSD) test as post-hoc test.
A. JÜRGENS ET AL.
In a two-choice test, significantly more honeybees flew to the rubber GC septum impregnated with 1,4-dimethoxybenzene (N = 81) than to the rubber GC septum impregnated with lilac aldehyde (N = 20) (observed vs. expected χ 2 test: χ 2 = 44.29; df = 1; P < 0.001). The attraction of O. gothica moths to the two compounds was reversed: significantly more moths flew to the rubber GC septum impregnated with lilac aldehyde (N = 17) than to the rubber GC septum impregnated with 1,4-dimethoxybenzene (N = 1) (observed vs. expected χ 2 test: χ 2 = 14.22; df = 1; P < 0.001).
DISCUSSION THE IMPORTANCE OF FLOWER VISITORS AND WIND FOR POLLINATION
Our flower visitor observations showed that S. caprea is visited by a wide range of insects: 45 species of Lepidoptera and Hymenoptera were recorded, among them day-and night-active species. For several Salix spp., flower visitors have been reported (e.g. Vroege & Stelleman, 1990) . In all investigations, including ours, A. mellifera has been observed visiting flowers during the day. In addition, in this and other studies, several species of Andrena and Bombus have been recorded. We found many nocturnal moth species visiting Salix, and several of these, e.g. O. gothica, were quite abundant. Willow flowers are their most important nectar source in early spring (Steiner & Ebert, 1998) . As both bee and moth species typically touch anthers and stigmas whilst foraging on catkins, they can all be considered as potential pollinators. It is not surprising that we found a positive correlation between flower visitor frequencies and seed yields, with diurnal flower visitors being more important for reproductive success. This result is probably caused by the much higher abundance and frequency of diurnal flower visitors relative to nocturnal moths. These results correspond to other studies of plants with mixed pollination systems that are visited by both nocturnal and diurnal pollinators. Typically, diurnal pollinators have been found to be more abundant than nocturnal ones, resulting in higher visitation rates and leading to greater seed yields (e.g. Jennersten & Morse, 1991; Altizer, Thrall & Antonovics, 1998; Miyake, Yamaoka & Yahara, 1998; Balmford et al., 2006) . Relatively low natural seed set has been reported from several studies, indicating that pollen limitation seems to be common in Salix (e.g. Elmqvist et al., 1988; Fox, 1992; Tamura & Kudo, 2000; Totland & Sottocornola, 2001; Karrenberg, Kollmann & Edwards, 2002) . In S. caprea, we also found that diurnal pollinators did not achieve maximum seed set. Furthermore, we found no difference between the 'wind only' and the 'night + wind' pollination treatment. This suggests that moths did not add to the pollination success (Fig. 5) . Further pollination experiments are, however, needed to confirm the contribution of wind pollination during the day and night, and the importance of moths in the pollination of S. caprea and other Salix spp. It is known that moth populations in Central Europe are often unpredictable and fluctuating (Pettersson, 1991) . Thus, it is possible that they contribute to the reproductive success of the plant only in some parts of its distribution range and/or during some years. Another aspect to consider is that the pollination experiments conducted in our study might underestimate the contribution of the treatment with the lower pollen deposition, because it is possible that plants allocate resources to flowers with higher pollen deposition, thus exaggerating the differences between treatments (see Ashman et al., 2004) . This suggests that the importance of moths for the reproductive fitness of the plant might depend on the pollination efficiency of bees (and other pollination agents) in a given year and/or region.
TEMPORAL VARIATION OF FLORAL SCENT AND ITS ROLE IN ATTRACTING FLOWER VISITORS
Several of the compounds in the scent of S. caprea are known to be attractive for a wide range of insect species, and this might explain the diverse visitor profile. Phenylacetaldehyde is attractive to brachyceran and nematoceran flies (Howse, 2003; Jhumur, Dötterl & Jürgens, 2006) and moths (Huber et al., 2005; Olsson et al., 2005) . It further elicits antennal responses in butterflies (Andersson & Dobson, 2003) . Benzyl alcohol elicits an antennal response in moths (Hoballah et al., 2005) . Linalool can be detected by butterflies (Andersson, 2003; Andersson & Dobson, 2003) and is known as an attractant for honeybees (Henning et al., 1992) .
The most abundant compound in the scent bouquet of S. caprea is 1,4-dimethoxybenzene (Tollsten & Knudsen, 1992; Füssel et al., 2007) . This aromatic compound has been reported in several early-flowering Salix spp. (Füssel et al., 2007) . In our GC-EAD study of six bee and seven moth flower visitors, several of the compounds emitted by S. caprea flowers elicited signals in their antennae. Bees and moths responded to nearly the same set of compounds, differing mostly in the strength of the response. The moths responded strongly to the peak containing the co-eluting compounds (phenylacetonitrile, lilac aldehyde A, 4-oxoisophorone). However, we were unable to report which compound(s) contributed most to the peak. The response of the bees to this peak was less pronounced than that of moths. Until now, the antennal responses of moths have only been reported to different lilac aldehyde isomers (including lilac aldehyde A; Plepys et al., 2002b; Dötterl et al., 2006a) , and there has been no evidence that moths also respond to phenylacetonitrile and 4-oxoisophorone. An antennal response to the last two compounds has now been confirmed by conducting electroantennographic analysis of single compounds. In all tests with bee antennae, the strongest signal was elicited by 1,4-dimethoxybenzene, whereas the responses to the other compounds were comparatively weak. This aromatic compound was also found to be highly attractive to Andrena vaga, an oligolectic bee that only collects pollen from the genus Salix (Dötterl et al., 2005b) . Furthermore, A. mellifera and O. gothica responded differently to lilac aldehyde and 1,4-dimethoxybenzene. The response of moths to lilac aldehyde was significantly greater than that of honeybees, whereas honeybees responded significantly more strongly to 1,4-dimethoxybenzene. Lilac aldehyde is often found in plants pollinated by moths (Dobson, 2006; Knudsen et al., 2006) , and was shown in the present study and in previous studies to be highly attractive for moths (Plepys, Ibarra & Löfstedt, 2002a; Dötterl et al., 2006a) .
We found that a higher total amount of floral scent was emitted during the day than at night. As there is also a strong correlation between the total scent emission and the ambient temperature during sampling, the differences between day and night samples seem to be either a temperature effect caused by increased volatilization and consequent emission, or a physiological effect resulting in faster scent production. Similar circadian rhythms have been reported in other plants (e.g. Matile & Altenburger, 1988; Picone et al., 2004) , and some authors have explained differences in the quantity of fragrance emission by temperature effects (Jakobsen & Olsen, 1994; Dudareva & Pichersky, 2000) . However, when looking at the emission rates of certain single floral scent compounds (e.g. lilac aldehyde isomers), the pattern reversed: total scent emission was higher at 20:00 h, when the temperature was much lower, relative to emission at 14:00 h. The emission of large amounts of volatiles at night is typically found in plants pollinated by nocturnal insects (Huber et al., 2005; Dobson, 2006; Kessler & Baldwin, 2006) . Our data likewise suggest that the isomers of lilac aldehyde, which were emitted in higher relative and total amounts at 20:00 h versus 14:00 h, were the key attractants for nocturnal moths, particularly Orthosia spp., which visit S. caprea flowers in greatest numbers at the time of highest lilac aldehyde emission. A two-choice bioassay with O. gothica verified that noctuid moths preferred lilac aldehydes over 1,4-dimethoxybenzene, although moths were able to detect both volatiles. The stronger antennal response of moths relative to bees to lilac aldehyde (in comparison with 1,4-dimethoxybenzene) in electroantennographic experiments can also explain the differences in response strength to the peak formed by the co-eluting compounds (phenylacetonitrile, lilac aldehyde A, 4-oxoisophorone) in the GC-EAD measurements.
1,4-Dimethoxybenzene, which was emitted in much higher amounts during the daytime, was most effective in eliciting antennal signals in bees (this study; Dötterl et al., 2005b; Dötterl & Vereecken, 2010) , and its role in honeybee attraction was verified in our bioassay. This indicates an adaptation of S. caprea to bees as the presumably most important diurnal pollinators.
POSSIBLE EXPLANATIONS FOR THE PRODUCTION OF LILAC ALDEHYDES
The pollination systems of Salix spp. are generally regarded as generalized, with diverse arrays of insect pollinators and wind as an additional ancestral pollen vector. Most Salix species flower early in the season and encounter unpredictable weather conditions and varying insect abundance. An open and generalized pollination system may ensure reproductive success under such unstable conditions (Douglas, 1997; Peeters & Totland, 1999; Tamura & Kudo, 2000) . Stebbins (1970) pointed out that 'the characteristics of flowers will be moulded by those pollinators that visit it most frequently and effectively'. Accordingly, Ollerton (1996) and Waser et al. (1996) concluded that, in a system with high pollinator diversity, selection prevents adaptation to any particular visitor group. In contrast, Tollsten, Knudsen & Bergström (1994) speculated that generalized flowers could still have signals for specific visitors. Later, Aigner (2001) even suggested that floral characteristics may represent adaptations to pollinators that are neither most numerous nor most effective, but which provide an additional marginal fitness gain. He stated that 'We should be prepared to find adaptations to relatively uncommon or ineffective floral visitors when there is no sacrifice in the ability to use more common and effective ones' (Aigner, 2006: p. 42) .
Although moths were abundant flower visitors, we could not show in our study that they had a significant effect on seed set in S. caprea. However, as stated earlier, it is possible that moth pollination in S. caprea provides a marginal fitness gain in some years or in some populations. Undoubtedly, more studies are needed to investigate the effect of moths as pollinators in the geographical range of S. caprea. Assuming that the changes in floral scent emission of S. caprea reflect the preferences and selection by two different functional pollinator groups, S. caprea might be an example supporting Aigner's (2001) view that floral characteristics may also represent adaptations to pollinators that are neither most numerous nor most effective, but which provide an additional marginal fitness gain. The alternative scenario is that moths have no significant effect on the reproductive fitness of S. caprea and that the emission of lilac aldehydes is a result of phylogenetic or regulatory constraints.
With eight conceivable stereoisomers, the production of lilac aldehyde is a relatively complex process that involves a couple of enzymatic steps. In Syringa vulgaris L., it is known that lilac compounds are synthesized via the deoxy-xylulose pathway, and linalool seems to be an important precursor (Kreck et al., 2003) . The same biosynthetic route has been proposed for other lilac aldehyde-producing plants (Dötterl et al., 2006b . Starting from linalool, which is enzymatically hydroxylated to 8-hydroxylinalool, an oxidation step leads to 8-oxolinalool, which is finally cyclized to the four (5′R)-configured and/or four (5′S)-configured lilac aldehyde stereoisomers (Kreck et al., 2003) . The number of steps involved suggests that the production of lilac compounds represents the ancestral condition for this species. This is supported by the fact that lilac aldehydes have been reported in other Salix spp. (e.g. Tollsten & Knudsen, 1992) . The question remains as to why S. caprea produces lilac aldehydes if they do not provide any fitness gain to the plant. One would expect that S. caprea should down-regulate the production of such non-beneficial compounds. This might be the case for some populations, as suggested by a study by Tollsten & Knudsen (1992) on the floral scent of Swedish specimens of S. caprea, which contained no lilac aldehydes. It is unlikely that the contrasting observations of ours and their study are a result of methodological differences because they reported lilac aldehydes for Salix cinerea L. in the same study. Whether these differences in the floral scent of different populations are correlated with the local pollinator fauna and the sensory preferences of the most efficient pollinators remains to be tested in the future.
phenylacetonitrile/lilac aldehyde A/4-oxoisophorone; 6, lilac aldehyde B + C; 7, 1,4-dimethoxybenzene; 8, lilac aldehyde D; 9, methyl salicylate; 10, lilac alcohol; 11, 12, unknowns; 13, lilac alcohol; 14, [phenylethyl acetate/p-anisaldehyde]; 15, unknown; 16, indole; 17, unknown; 18, 4-methoxyacetophenone; 19, 1,2,4-trimethoxybenzene; 20, [α-copaene/jasmone] ; 21, unknown; 22, (E,E)-α-farnesene. 
